samples oxidised at 600°C in a high pressure (50 bar) 100% steam atmosphere for up to 1000 h reveal the coating's superior oxidation resistance and protective mechanisms, especially against the detrimental effect of Hydrogen. High temperature (650°C) Tensile Strength, Low Cycle Fatigue and Creep tests confirm that, unlike other state-of-the-art PVD technologies, HIPIMS is not detrimental to the mechanical properties of the substrate material. Water droplet erosion tests confirm no measurable weight loss after 2.4x10 6 impacts.
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Introduction:
Steam-powered turbines employ the Carnot cycle, whose efficiency is defined as
where T max is the maximum temperature in the thermodynamic cycle and T min is the minimum temperature, both as absolute temperatures. Therefore, the most natural route to increasing the However, the high temperature/ high pressure steam atmosphere is extremely aggressive with corrosion fatigue, stress corrosion cracking, erosion corrosion and steam oxidation identified as the main surface degradation mechanisms acting in steam turbines. The challenge for material selection becomes even higher for the turbine blades, which have to withstand both high mechanical loads due to high rotation speeds and environmental attack due to the elevated temperature.
It has become increasingly more difficult to develop a turbine blade alloy with the right balance of properties of creep rupture and fatigue strength, environmental resistance and microstructural stability. In general, blade failures can be grouped into two categories: (a) fatigue, including both high (HCF) and low cycle fatigue (LCF) and (b) creep rupture [2, 3, 4] . Blade fatigue failures are often related to anomalies in mechanical behaviour and manufacturing defects such as machining marks, poor surface finish, initial flaws or heat treatment. In such complex degradation conditions where both the surface and bulk of the component are subjected to a severe attack during exploitation, the application of coatings provides a natural alternative route representing a composite structure where the bulk and surface properties can be tailored separately to achieve high performance. In this scenario, the physical vapour deposition (PVD) coating technique can be very useful in depositing oxidation resistant coatings and therefore mitigating surface degradation problems due to environmental attack. This technique has an advantage that coatings of a wide variety of elements in either their pure or compound form (nitrides, carbides, oxides or combination of all these) can be deposited.
However, the application of coatings to the blade material often has further mechanical side effects, which can lead to the premature failure of coated components via low-cycle fatigue (LCF) and thermo-mechanical fatigue (TMF). In most cases the mismatch in the properties of the coating and the substrate alloy are responsible for exacerbating the failure mechanism.
The mismatch may arise due to differences in the thermal expansion coefficients, ductility, strength and elastic moduli [5] . Furthermore, coating morphology, density and microstructure can significantly influence surface crack initiation and its propagation and thus influence the fatigue life of the coated component. With the introduction of the novel High Power Impulse Magnetron Sputtering (HIPIMS) technique, very dense and defect free coatings with high adhesion can be deposited [6] . HIPIMS utilises transient impulse (short pulses) glow discharge with a very high power and current density (up to 3 kW·cm  -2 and 4 A·cm   -2 respectively, at a duty cycle of < 5%) which translates to high plasma densities and ionised metal particles [7] . The utilisation of highly ionised metal fluxes during the surface pretreatment and coating deposition stages allow fine-tuning of the metallurgical reactions at the coating substrate interface as well as precise control over the coating structure, crystallographic orientation, and surface morphology.
To benefit from these advantages, HIPIMS technology has been employed in a deposition process to produce nanostructured coating for the protection of steam turbine blades. It is also worth mentioning that the concept of utilising the synergy between two nitrides in a nanoscale multilayer structure in CrN/NbN coating is new in the steam turbine application field.
Therefore, the motivation behind the reported research is to investigate and reveal the barrier properties of the novel nanostructured CrN/NbN coating in a steam environment where it is exposed to high temperature oxidation and water droplet erosion and elucidate the effect of the new coating and technology on the mechanical properties of the bulk blade material.
It was reported previously that in a steam free environment, HIPIMS deposited CrN/NbN nanoscale multilayer coatings exhibited excellent room temperature wet corrosion resistance, wear resistance [8, 9] and tribo-corrosion resistance [10] . Their superior wear and corrosion resistance was attributed to the presence of high hardness Me-nitrides of relatively electrochemically inert elements such as Cr and Nb [8] . Moreover the coatings were found to possess superior oxidation resistance up to a temperature range of 820 -850 °C depending on the stoichiometry of the coatings (N/Me ratio) [11] . The aqueous corrosion resistance of Nb is well known whereas literature suggests that the oxidation behaviour of Nb is very complex. It can provide some oxidation resistance in the temperature range of 600 -1000 °C because of its refractory nature [12] (provided that the oxide scales (Nb 2 0 5 ) remain attached with the base material) or because of its low porosity [13] .
In a previous study, HIPIMS deposited CrN/NbN multilayer coatings showed excellent performance when exposed to 650 °C in a low pressure (1bar), pure steam environment [14] .
The coating contained a higher concentration (atomic %) The paper presents detailed results of this new research.
Experimental Details:

Coating Deposition
Nanoscale multilayer CrN/NbN coatings have been deposited on P92 steel in a conventional industrial Unbalanced Magnetron Sputtering (UBM) machine (HTC 1000-4, four-cathode system (Hauzer Techno Coatings, Europe B.V., Venlo, The Netherlands) enabled with HIPIMS technology. The HIPIMS plasma was generated using dedicated Highpulse 4008 power supplies (Hüttinger Elektronik Sp. z o.o., Warsaw, Poland). The deposition was carried out using two pairs of Cr and Nb targets, whilst the substrates were subjected to heating, three-fold rotation and DC bias. Details of the deposition system such as target arrangement, substrate holder and general information on coating deposition parameters as well as multilayer coating scheme can be found in the previous publication [14] .
In order to characterise the coatings extensively, various types of test coupons were coated.
For XRD and TEM analysis coatings deposited on 1-micron finish 304L stainless steel substrates were used whereas mechanical and tribological properties were evaluated on 1-micron finish HSS coated specimens. For oxidation studies coatings were deposited on P92 
Coating Characterisation
The coatings were characterised using a number of analytical techniques. Scanning Electron Microscopy (FEI NOVA-NANOSEM 200 and Zeiss Supra 55VP), Focused Ion Beam SEM (Quanta 200 3D) were used to analyse the coating microstructures, whereas low-angle (2θ, 1°-10°) Bragg-Brentano geometry X-Ray Diffraction (XRD) technique was used to measure the bi-layer period of these coatings (PHILIPS XPERT). The texture of the nanoscale multilayer structure was investigated using Brag-Brentano geometry (2θ, 20-100°) XRD, using glancing angle (2° incidence) and θ-2θ geometries. The coating samples were analysed by XRD after exposure using a Bruker AXS D8 Discover. A transmission electron microscope (Philips STEM420 equipped with a LaB 6 filament) was used to analyse the multilayer structure in detail. The column boundary density was studied by high resolution transmission electron microscopy (HRTEM) in JEOL 3010 microscope interfaced with a GATAN TRIDIEM image filter. Compared to the XRD results of low Nb CrN/NbN coating, as reported previously [14] which has a (111) texture, the increase of the Nb content in the film has resulted in a texture change.
It is well understood that increased ion bombardment of the films during their growth leads to increased ad-atom mobility and thereby to changes in the coating microstructure and importantly, its preferred growth orientation. For example, it was found that the texture of CrN changed from (111) to (220) as a result of increased ion bombardment from the depositing flux (increase both in ion energy as well as ion flux bombarding the growing film) [17] . A similar shift in peak intensity (from (110) to (100)) as a result of high energy ion bombardment has been reported also for CrN/NbN multilayer coatings deposited by conventional magnetron sputtering [18] .
Furthermore, it was found that the preferred texture is strongly influenced by the atomic weight of the coating elements. It was reported that when the coatings involve lighter elements (atomic weight ≤ 52) in dominant proportions, for example Cr-rich nitride multilayers, the texture will change from strain energy dominant (110) to surface energy dominant (100) if surface energy is sufficiently large to cause continuous re-nucleation and suppression of the competitive growth mechanism [19] . Thus the dominant (111) orientation for the low Nb CrN/NbN multilayer, which is achieved even at a low bias voltage of -65 V, can be attributed to an increased surface energy brought about by the highly mobile ad-atoms due to the persistent low energy bombardment from the HIPIMS plasma.
The effects of the surface energy and re-nucleation are more pronounced when the heavier elements (atomic weight > 52) are involved in the coating [19] . As both the CrN/NbN multilayer coatings (with high and low Nb content) are deposited in conditions with similar ion bombardment, the preferred (100) texture of the CrN/NbN with high Nb content reported in this paper can be attributed to the higher concentration of the heavier element (Nb, atomic weight ≈ 93) in the multilayers. Additionally, the relative increase in Nb content results in a total ion flux containing a higher proportion of Nb. The large size of the Nb ion limits its subplantation depth and distributes its energy close to the surface. The weight contributes to a greater total energy delivered to the surface. Both these factors contribute to higher surface mobility and favour a lower surface energy surface such as the (100).
Detailed SEM analysis on the high Nb content coatings deposited on P92 samples showed the coating to be very dense in spite of the substrate surface being very rough. Figure 2a shows the SEM image of the coating morphology obtained in secondary electron imaging mode. The PVD coating technique, being a line of sight process, replicates the surface topography, in this case the grooved nature of the substrate after grinding. However, the coating, despite being deposited on a rough surface, appears very dense with fine-grained-dome shaped column tops and uniform coverage. The persistent and intentional ion bombardment of the depositing species (due to the higher ion to neutral ratio of the depositing flux) obtained in a HIPIMS plasma leads to a higher ad-atom mobility and therefore can account for this superior coverage of surface undulations and dense grain boundaries. The true nature of the 3.5 µm coating density and specimen coverage is more evident in the cross-sectional image, figure 2b which shows a sharp step in the substrate caused by a grinding operation. The coating fills the trenching at the edge of the step and continues to grow as a fully dense layer to the ultimate thickness. The microstructure of the coatings was investigated by cross section TEM analyses. Figure 3a shows a bright field STEM image of the overall CrN/NbN coating with high Nb content. As evident from the micrograph, the coating-substrate interface is extremely smooth and the coverage is free of defects caused by macro-droplet formation or uneven surface. This is typical of HIPIMS etching even though the surface is bombarded with high energy metal ions to improve adhesion. Adjacent to the substrate, a layer of CrN (around 300 nm thick) is visible which is very dense and highly textured, apparent from its appearance as a band of light contrast extending throughout its width of the cross-section. [20] .
The interface between the CrN base layer and the multilayer coating, similar to the base layer and substrate interface, is very smooth and uniform indicating a smooth transition of deposition conditions for the growth of multilayer structures. A glimpse of epitaxial coating growth extending from the base layer into the multilayer coating is also visible as grains of similar contrast are seen extending upward all the way to the top of the coating along the growth direction. These coating growth features are typical of the HIPIMS technique and result in a coating with a dense microstructure [9] , which in turn enhances mechanical properties such as adhesion, hardness, wear resistance [6] and corrosion resistance. This is of particular significance, as it is observed consistently irrespective of the stoichiometry of the coatings; i.e. with higher Cr content as was observed before, [9, 14] or in this case with higher
Nb content. Figure 3b shows a bright field STEM image of the nanoscale multilayer structure in detail, with alternating colour contrast corresponding to alternating CrN (light coloured)
and NbN (dark contrast) layers. To analyse the effect of HIPIMS on the coating density on an atomic scale, the microstructure was investigated by high resolution TEM. Figure 3c shows a plan view HRTEM image of the coating. The image shows several column boundaries with atomic rows in the adjacent columns tilted at different angles due to the different crystallographic orientation produced during coating growth. However, despite the different orientation, the atomic rows of the adjacent columns matched with good precision and no voids were visible at the column boundaries thus demonstrating very high density of the coatings.
Coating Hardness and Adhesion
The effect of the superior coating microstructure (dense multi-layered structure composed of 
Thermodynamic Calculation
Thermodynamic studies of phase equilibrium during steam oxidation processes were performed using the thermodynamic simulation tool THERMO-CALC, [21] to determine the stable phases development (namely the oxides of the metals in the coatings constitution and the various gaseous phases in the test environment), and to provide a useful approximation of the steam oxidation process. The simulations were carried out using high quality databases provided by Scientific Group Thermodata Europe such as SSUB4 for the reactions in the gaseous phases and SSOL2 for substrate definition, [22] . Those databases contain assessed thermodynamic data on enthalpy of formation, entropy and temperature dependence of the heat capacity for the gaseous and condensed compounds considered in the system studied in this work.
According to the rules of thermodynamics, for a given temperature and pressure, a system is considered to be at equilibrium when the total Gibbs free energy G, (equation 1) is at minimum. 
where:
m , s is the number of gaseous and solid species respectively in the system n i(g) and n i(s) are the number of mols of gaseous and solid species "i" N(g) is the total number of mols in the gaseous phase and are responsible for the material degradation process. It is important to note that in addition to the compounds, which are purely oxides, a certain amount of Hydrogen, both in atomic and molecular form is produced, which indicates possible hydrogen inter-diffusion and therefore potential coating or even substrate material embrittlement in the course of the steam exposure.
Steam Oxidation Behaviour
The oxidation behaviour of CrN/NbN nanoscale multilayer coatings deposited on P92 steel substrate exposed to pure steam environment at 650 o C and low 1bar pressure for 2000 hours was thoroughly discussed in our previous work [14] . To verify the predicted deterioration of the oxidation resistance of the coating due to higher 
Mechanical Behaviour
The stress-strain curves obtained from the tensile tests conducted on the low Nb CrN/NbN coating at temperature of 650 °C are given in Figure 7a specimen, tested at 650 °C and 120 MPa.
Water Droplet Erosion Test Results
Recent theories describing the effect of a water droplet impacting a solid surface in aero engines, distinguish between three shock waves; namely a compressional wave, followed by a shear wave succeeded by a Rayleigh wave [23] .
The pressure P created during such impact is given by the water hammer equation [24] (Eq.
(2)),
where ρ o is the density of the water, c o is the speed of sound in the undisturbed liquid and V o is the impact velocity.
In aviation studies, for the case of water droplet erosion, the parameter 'Damage Threshold Velocity (DTV)' represents the lowest velocity, which could theoretically cause damage in the target material. This parameter was successfully linked to the properties of the target material by Evans et al. [25] who showed that the DTV is proportional to the fracture toughness of the target material and the Rayleigh wave velocity on it. The theoretical expression for the DVT is shown in equation (3),
where V DT denotes the DVT, K ic 2 the fracture toughness of the target material, C R the Rayleigh wave velocity on the target material, ρ w the density of water, C w the compressional wave speed in water, and d w is the diameter of the water droplets.
Achenbach et al [26] , who showed that C R is proportional to the Young's modulus, E and therefore the hardness of the impacted material, demonstrated further dependency of DVT on the target material properties.
The above theory clearly defines the fracture toughness and hardness as two of the most influential material properties for high water droplet erosion resistance. When initially introduced, superlattice or nanoscale multilayer structured PVD coatings were extremely attractive as their hardness could exceed 40 GPa and classify them as superhard. The nature of these high hardness values has been discussed in context of a specific layer thickness which was tailored to arrest the diffusion of crystalline defects due to the energy barrier properties of the interfaces between the individual layers, and on the difference of the shear modulus of the materials involved, (the superhardening effect) [27] . Following further research, unique properties of the layered structures such as crack deflection at the interfaces and their role as sites for elastic energy dissipation were also added to the established mechanisms responsible for the enhancement of the mechanical properties [28] . Recently, advanced in-situ micromechanical cantilever bending tests, used for precise evaluation of the fracture toughness on free-standing hard PVD films, elucidated this effect more clearly [29] .
Furthermore, it was shown that in superlattice structured coatings a significant fracture toughness enhancement can be achieved (for e.g. by factor of two for the TiN/CrN system) in a way similar to the superhardeneing effect reported for these structures [30] . The synergy between superhardness and a special crack propagation mechanism render these artificially made nanolaminated materials as the toughest amongst all other PVD coatings. In this study, low Nb CrN/NbN coating was investigated for its droplet erosion resistance.
After 2.4x10 6 impacts at a pressure of 9 bar, no measurable weight loss was detected. SEM images (not included) of the impacted area of the surface showed that only a gentle polishing had taken place. The surface morphology after the erosion test resembled largely the original morphology as shown in figure 3a . The excellent droplet erosion resistance observed can be attributed to their very high hardness of 35 GPa, high Young's modulus of 392 GPa and very high toughness due to the layered structure on a nanoscale. A 2D surface plot revealed the formation of a shallow circular depression at the targeted surface area, figure 9a. Using 3D plots and profilometry, the depth of the depression was found to be around 20 µm, figure 9b.
It can be speculated that the depression was created by deformation of the substrate material beneath the area of the sample which was impacted by the water jet. Crucially, no coating delamination or cracks were observed under the post-test SEM imaging, which demonstrated 
